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E-mail addresses: slzhu@ntu.edu.sg (S. Zhu), yqfu@A triangular hybrid Au–Ag nanoparticles array was proposed for the purpose of biosensing in this paper.
Constructing the hybrid nanoparticles, an Au thin ﬁlm is capped on the Ag nanoparticles which are
attached on glass substrate. The hybrid nanoparticles array was designed by means of ﬁnite-difference
and time-domain (FDTD) algorithm-based computational numerical calculation and optimization. Sensi-
tivity of refractive index of the hybrid nanoparticles array was obtained by the computational calculation
and experimental detection. Moreover, the hybrid nanoparticles array can prevent oxidation of the pure
Ag nanoparticles from atmosphere environment because the Au protective layer was deposited on top of
the Ag nanoparticles so as to isolate the Ag particles from the atmosphere. We presented a novel surface
covalent link method between the localized surface plasmon resonance (LSPR) effect-based biosensors
with hybrid nanoparticles array and the detected target molecules. The generated surface plasmon wave
from the array carries the biological interaction message into the corresponding spectra. Staphylococcus
aureus enterotoxin B (SEB), a small protein toxin was directly detected at nanogramme per milliliter level
using the triangular hybrid Au–Ag nanoparticles. Hence one more option for the SEB detection is provided
by this way.
 2009 Elsevier B.V. All rights reserved.1. Introduction
Many biological and chemical agents such as bacteria, algae,
fungi, viruses and toxins are capable of extensively affecting hu-
mans and animals. Relevant symptoms include dizziness, vomiting
and diarrhea to memory loss, paralysis, and even death [1]. Human
or animal poisoning may originate from drinking water or digest-
ing of foods which is improperly inspected or treated due to the
presence of bacteria or toxins. Food or water supplies can also be
contaminated intentionally in terrorist attack actions or in deploy-
ment of biological warfare agents (BWA) during military opera-
tions. Terrorists attack using BWA such as the release of sarin in
Nagano prefecture in June 1994 [2], in the Tokyo subway system
in March 1995 [3], and the anthrax cases in the United States gen-
erating signiﬁcant and continuing concerns [4]. To address these
considerations, the sensitive, easy usage and cost effective portable
biosensors which are capable of providing continuous monitoring
and rapid detection of various BWA need to be developed.ll rights reserved.
tics and Electronics, Chinese
Zhu). Tel.: +86 28 83201505;
uestc.edu.cn (Y. Fu).Localized surface plasmon resonance (LSPR)-based nano-bio-
sensors are of great interest in various applications such as environ-
mental protection [5–7], biotechnology [8–10], and food safety
[11], etc. It is well know that LSPR can be excited when the incident
photon frequency is resonant with the collective oscillation of the
conduction electrons. It is named as the LSPR effect. Transmission
peaks of LSPR-related spectra are sensitive to the electric medium
on surface of metal ﬁlms. The LSPR-based nano-biosensor is a
refractive index-based sensing devicewhich relies on the extraordi-
nary optical properties of noble metal (e.g., Ag, Au and Cu, etc.)
nanoparticles [12,13]. The sensing capability of the LSPR sensor
can be modiﬁed by tuning shape, size and material composition
of the nanoparticles. The nanoparticles are effective for quantitative
detection of chemical and biological targets [6]. The sensing princi-
ple employed in these experiments relies on the high sensitivity of
the LSPR spectrum of the noble metal nanoparticles due to an
absorbate-induced change occurring in the dielectric constant of
the surrounding environment. The local environment that sur-
rounds the nanoparticles can be modiﬁed by means of binding of
the biological molecular. The extinction spectrum of the nanosen-
sor can be derived using a spectrophotometer [14].
Staphylococcus aureus enterotoxin B (SEB), a small protein
toxin [1,15], was selected as a typical small protein toxin in our
Fig. 1. Three-dimensional geometrical model of triangular hybrid Au–Ag
nanoparticles.
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ﬁve major serological types of related proteins with molecular
weights ranging from 26 to 29.6 kDa. SEB is the most thermal sta-
ble protein toxin in this group, and also resistant to the proteolytic
enzymes of the gastrointestinal tract and low pH value. If being di-
gested, SEB can cause nausea, vomiting, diarrhea, and even ana-
phylactic shock. After aerosol exposure, symptoms such as
sudden onset of fever, chills, headache, and cough may appear.
The fever may last several days, and the cough may persist for
up to 4 weeks. Very high exposure level may lead to pulmonary
edema. SEB is an incapacitating toxin, but it is rarely lethal.
Detection and quantiﬁcation of SEB in buffer were demon-
strated using the LSPR-based nano-biosensor. Theoretically, the
detection concentration of SEB can reach to nanogramme per mil-
liliter level. The methods used to detect SEB include enzyme linked
immunosorbent assays (ELISA) [16], light addressable potentio-
metric sensors (LAPS) [17], array biosensors [18], immunomag-
netic separation electro-chemiluminescence and ﬂuorescence
procedures (IMS-ECL and IMS-FCL) [19] or rapid chromatographic
assays (RCA) [20], and surface plasmon resonance (SPR) sensors
[21]. The important advantages of our approach including: (1) it
can provide good selectivity and sensitivity without the labeling
process. Our LSPR biosensor assay can detect SEB at approximately
1 ng/ml rapidly within 1 min; (2) spatial resolution of our detect
approach is a single nanoparticle while SPR sensors require at least
a 10  10 lm area for sensing experiments; (3) our LSPR nanobio-
sensor has not temperature control, which can reduce the weight
and the volume of the detected spectrometric system; (4) the de-
tected spectrometric system cost only 1/30 of the commercialized
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Fig. 2. FDTD solution calculation results when the refractive index medium
surrounding this hybrid nanoparticles are 1.0 and 1.3352, respectively.2. Hybrid Au–Ag nanoparticles design
The triangular hybrid Au–Ag nanoparticles array was proposed
as a sensitive cell of the LSPR-based nano-biosensor. Our design
was carried out using ﬁnite-difference and time-domain (FDTD)
algorithm. The FDTD method treats Maxwell equations as a set of
ﬁnite difference equations in both time and space. The model space
considered includes both the probe and the sample surface and
consists of an aggregation of cubic cells with each cell having its
own complex dielectric constant. The ﬁnite difference equations
can be written as [22]:
Hzðt;x;yþDy;zÞ  Hzðt;x;yDy;zÞ
2Dy
 Hyðt;x;y;zþDzÞ  Hyðt;x;y;zDzÞ
2Dz
¼ ~eðx;y;zÞ ExðtþDt;x;y;zÞ  ExðtDt;x;y;zÞDt ;
Hxðt;x;y;zþDzÞ  Hxðt;x;y;zDzÞ
2Dz
 Hzðt;xþDx;y;zÞ  Hzðt;xDx;y;zÞ
2Dx
¼ ~eðx;y;zÞ EyðtþDt;x;y;zÞ  EyðtDt;x;y;zÞDt ;
Hyðt;xþDx;y;zÞ  Hyðt;xDx;y;zÞ
2Dx
 Hxðt;x;yþDy;zÞ  Hxðt;x;yDy;zÞ
2Dy
¼ ~eðx;y;zÞ Ezðt Dt;x;y;zÞ  EzðtDt;x;y;zÞDt ;
ð1Þ
where E = E(Ex,Ey,Ez) and H = H(Hx,Hy,Hz) are the electric ﬁeld and
the magnetic induction vectors, respectively, and 2Dx, 2Dy, 2Dz
are increments along the three coordinate directions respectively,
Dt is the unit time increment, and ~eðx; y; zÞ is the complex dielectric
constant of the medium at that point. Eq. (1) is simultaneously
solved to determine the component values at the time t + Dt. A
commercial professional software was adopted here for the compu-
tational calculation and numerical analysis [23]. The used metal
here is Ag with em = 17.24 + i0.498 at the wavelength of 633 nm,
and ed = 1.243 for SiO2. Broad band of the incident light is rangingfrom 400 to 750 nm with plane wave in normal incidence angle
h = 0. Meshing size in x and y (two-dimensional simulation) is
Dx = 2 nm and Dy = 2 nm, respectively. Simulation time t (theoret-
ically, t = Dx/2c, c is the velocity of light) is set to be 125 fs. The out-
put result is extinction spectrum.
Using the FDTD algorithm, we designed and calculated the
refractive index sensitivity of the hybrid nanoparticles. Corre-
sponding model of the triangular hybrid Au–Ag nanoparticles array
is shown in Fig. 1.
The out-of plane heights of the Ag nanoparticles under the Au
layer is 50 nm and the top Au nanoparticles is 5 nm only. The in-
plane widths of each nanoparticles is 100 nm. The period of the
nanoparticle array is 400 nm. In order to investigate the effective-
ness of mediums with different refractive index surrounding the
hybrid nanoparticles, we selected the air (n1 = 1.0) and Protein A
(Protein A: PBS (0.01 M, pH 7.4) =1:100, n2 = 1.3352) surrounding
the nanoparticles. When the refractive index of the mediums sur-
rounding this hybrid nanoparticles is 1.0 and 1.3352, respectively,
the FDTD algorithm-based calculation results can be obtained, as
shown in Fig. 2. From the results, we can calculate the sensitivity
of the hybrid Au–Ag triangular nanoparticles array as S ¼
kmax1kmax2
n2n1 ¼ 551:638484:5131:33521:0 ¼ 200 nm=RIU. It can realize a detection
of SEB with higher sensitivity.
Fig. 4. SEM image of topography of the triangular hybrid Au–Ag nanoparticles
fabricated by NSL.
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3.1. Materials
Our experiments were carried out using home-made staphylo-
coccus aureus enterotoxin B (SEB) prepared by our collaborator
(Chinese Academy of Chemical Defence). Monoclonal mouse anti-
SEB was purchased from Chemicon; 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide-HCI (EDC) and sulfo-nhydroxysuccinimide
(S-NHS) from Pierce; ethanolamine from Sigma–Aldrich; dithiodi-
glycolic acid from Sigma; and phosphate buffer solution (PBS,
0.01 M, pH 7.4) from Jinshan Chemical Analyte Pvt. Ltd. The buffer
used in the experiments was prepared using double glass-distilled
water.
3.2. Integrated LSPR nano-biosensor
The integrated LSPR sensor used in this work is our home-built
system. The peak wavelength of LSPR extinction spectrum (kmax)
excited by the hybrid Au–Ag triangular nanoparticles array was
measured and recorded using a UV–Visible spectroscopy. Practical
measurements of the UV–Visible extinction spectra were carried
out using a ﬁber-coupled spectrometer (Ocean Optics USB4000)
and a CCD detector. The experimental setup and subsequent spec-
trum measurements were performed using a conventional optical
systemwith a non-polarized light beamworking in the far-ﬁeld re-
gion. Detection area of the bio-sensor is around 2 mm  2 mm. All
the extinction spectra were directly derived using a professionalFig. 3. Optical ﬁber (Ocean Optics USB4000) coupled spectrometric system and relevant
(b) photograph of the biochips and their holders; (c) schematic diagram of the Ocean Osoftware (from Ocean Optics Corp.) that was packaged together
with the corresponding hardwares. Fig. 3 depicts a photograph of
the detection system and the investigated bio-sensors. The shift to-
wards longer wavelengths is referred to as a red-shift, and is de-
noted as (+), while the shift towards shorter wavelengths is
referred to as a blue-shift, and is denoted as ().biochips used in our experiments. (a) Photograph of our instrumented LSPR system;
ptics USB4000) coupled spectrometric system enclosed in the box shown in (a).
Fig. 5. Schematic illustration of pre-function for the nanoparticle surface.
Au 
Mouse anti-SEB 
SEB
     Glass 
Ag 
EDC/NHS 
Fig. 6. Schematic diagram of LSPR-sensor.
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biosensor
Nanosphere lithography (NSL) technique [24] was employed to
create the surface-conﬁned hybrid Au–Ag triangular nanoparticles
array which is supported on a glass substrate (see Fig. 4). NSL pro-
cess begins with the self-assembly of size-monodisperse nano-
spheres into a two-dimensional (2D) colloidal crystal. As the
solvent of the nanosphere solution evaporates, capillary forces
draw the nanospheres together thereby crystallizing them into a
hexagonally close-packed pattern on the substrate. Following
self-assembly process of the nanosphere mask, Ag and Au thin
ﬁlms are deposited onto the nanosphere-coated substrate, respec-
tively. After metallization, the nanosphere mask is removed via
sonication in ethanol, and then the surfaced-conﬁned nanoparti-
cles with triangular footprints are formed subsequently. The nano-
particles array has 50 nm out-of plane heights of the Ag
nanoparticles, 5 nm the capping Au nanoparticles, 100 nm in-
plane widths of each nanostructures, and 400 nm period of the
nanoparticles array as measured by a scanning electron micro-
scope (SEM with model of JSM-5900 LA).
Functionalization of the sensor is a multi-steps process that pre-
pares the surface for speciﬁc detection applications. Prior to each
experiment, the triangular hybrid Au–Ag nanoparticles array was
cleaned and pre-functionalized according to the following proto-
col: (1) the hybrid nanoparticles were cleaned by sonicating the
sample in ethanol in 3 min; (2) dithiodiglycolic acid (2 mM) aque-
ous solution were dropped to the surface of the samples and react-
ing in 30 min; (3) the carboxyl groups on dithiodiglycolic acid were
activated in 30 min. using the same volume of EDC (0.4 M) and S-
NHS (0.1 M); (4) the samples were thoroughly rinsed with 0.01 M
PBS buffer and then dried by N2 blowing with high-pressure; (5)
monoclonal mouse anti-SEB IgG antibodies were coupled to the
surface of the nanoparticles by dropping 10 lg/ml solution in
PBS buffer through chemical reaction between amidogen besidethe alkaline aminophenol (Arg and Lys) of IgG and the active car-
boxyl; and (6) redundant active ester groups were enclosed by
1 M ethanolamine aqueous solution. Finally, the samples were
rinsed by 0.01 M PBS buffer and a hybrid Au–Ag SEB nano-biosen-
sor was formed. A schematic illustration of the pre-function for the
nanoparticles surface and a description (with ﬁgure) of the LSPR-
sensor are shown in Figs. 5 and 6, respectively.
4. Results and discussions
The LSPR nano-biosensors are extremely sensitive to a change
of refractive index (RI) within the range of a few hundred nanome-
ters from the Au surface. Capturing of the target analyte (SEB) by
homologous antibody (monoclonal mouse anti-SEB antibody)
bound to the sensing surface varies the RI signiﬁcantly due to a
solution displacement by the analytes with higher refractive index.
To test the detection capability of the hybrid Au–Ag triangular par-
ticles-based nano-biosensors, experiments were carried out on the
basis of the SEB solutions of various concentrations in PBS buffer.
Three independent experiments were performed for the SEB solu-
tions in different concentrations of 10, 1 and 100 ng/ml SEB,
respectively. In this study, the LSPR spectra for the speciﬁc binding
Fig. 7. Measured spectra of the LSPR-based hybrid Au–Ag nanobiosensor for
speciﬁc binding detection with detection concentration of (a)10 lg/ml SEB, (b)
1 lg/ml SEB, and (c) 100 ng/ml SEB.
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Fig. 8. Measured spectra of the LSPR-based hybrid Au–Ag nanobiosensor for
speciﬁc binding detection with detection concentration of 1 ng/ml SEB.
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Fig. 7a). The LSPR kmax after monoclonal mouse anti-SEB antibody
attachment (see Fig. 7a, black line) was measured to be
611.66 nm. Exposure to 10 lg/ml SEB, corresponding peak wave-
length of LSPR kmax = 528.19 nm (see Fig. 7a, red line)1, which cor-1 For interpretation to color in Fig. 7, the reader is referred to the web version of
this article.responds to a Dkmax = 83.47 nm peak shift. Hereinafter, ‘‘+”
denotes a red-shift and ‘‘–” a blue-shift. When the concentration
of the SEB solution is changed to be 1 lg/ml and 100 ng/ml, the
corresponding peak shifting of LSPR is Dkmax = 68.33 nm (see
Fig. 7b), and Dkmax = 25.62 nm (see Fig. 7c), respectively. The
main absorbance peak for the anti-SEB drifting from sample to
sample
(Fig. 7a–c) attributes to the changing of effective refractive in-
dex of the surrounding medium due to binding of SEB and anti-
SEB. It should be noted that Dkmax = 25.62 nm is greatly larger
than the resolving power of the integrated LSPR sensor (spectrum
resolving power of the spectrometer is 1.7 nm). Therefore, it is rea-
sonable to believe that even the SEB solution in lower concentra-
tion can be detected by the integrated LSPR biosensor. These will
be performed in our next research project. All the extinction mea-
surements were collected at atmosphere environment. To further
explore detection performance of the SEB sensors, the concentra-
tion of SEB as low as 1 ng/ml was applied on the biochips. Fig. 8
is the measured spectra of the LSPR-based hybrid Au–Ag nano-bio-
sensor for the speciﬁc binding detection with detection concentra-
tion of 1 ng/ml SEB. It can be seen that the peak wavelength blue
shifts to be Dkmax = 539.83 nm = 572.23 nm = 32.4 nm. Actu-
ally, the differences of the resonance peak position are caused by
different refractive index materials around the Ag nanostructures.
The refractive index of materials changed can inﬂuence the reso-
nance peak position. When the concentration of the SEB changed,
the peak shifts will change. The red-shift and blue is caused by
the scattered radiation from the incident radiation (x) by an
amount that corresponds to vibrational frequencies of the mole-
cules (xvib). The frequency emitted by the photo xR =x ±xvib If
x >xvib, it causes red shift, ifx <xvib (smaller SEB concentration),
it leads to blue shift.
Our Ag–Au composite structures can be veriﬁed by our binding
detection results, as shown in Fig. 7. If the structure does not in-
volve Au, dithiodiglycolic acid (see Fig. 5) can not bind with the
nanoparticles because it binds with Au only [25]. Dithiodiglycolic
acid derivatives have a thiol group that reacts with Au atoms.
Therefore, the immobilization process of dithiodiglycolic acid
derivatives on the Au surface occurred spontaneously. The pure
Ag particles bind with –OH– only [14]. The binding detection spec-
tra can not be obtained without the hybrid structure with Au
capped on the Ag particles. Compared to conventional SPR systems,
at the same detection level, our presented LSPR-based biosensor is
far simpler than the traditional SPR systems (e.g., Biacore system,
etc.). The LSPR system is cost effective, small volume, light weight
S. Zhu et al. / Optical Materials 31 (2009) 1608–1613 1613and portable because some sub-systems such as temperature con-
trol, pressure control, and precise incident angle control are not
necessary.
5. Conclusions
We have proposed a hybrid Au–Ag triangular nanoparticles ar-
ray-based nano-biosensor for the purpose of SEB detection. SEB is
a typical dangerous protein toxin that can cause nausea, vomit-
ing, diarrhea, and anaphylactic shock. Using our developed
LSPR-based nano-biosensor designed on the basis of the hybrid
Au–Ag nanoparticles array, we can reach to the detection sensi-
tivity at nanogramme per milliliter levels. Although, 0.1 ng/ml
concentration of SEB solution is too low to be detected directly
due to low amplitude of spectrum, it is possible to be readily de-
tected if secondary anti-SEB antibody is introduced due to its
ampliﬁcation function. The nano-biosensor demonstrates the
potential applications in monitoring, detection and identiﬁcation
of biological agents, and characterization of intermolecular
interactions.
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